Abstract -We demonstrate an extruded fluorozirconate microstructured fibre with large mode area, loss of 3dB/m at 4µm and negligible excess loss relative to a corresponding unstructured fibre.
Introduction
Fibres for high power transmission in the mid-infrared have attracted much attention in recent years for thermal decoy, medicine and sensing applications [1] . To date, conventional step-index fibre have been demonstrated for a range of mid-infrared transmitting materials such as fluoride and chalcogenide glasses, and polycrystalline silver halides [1, 2] . However, with these fibres, only limited mode area can be achieved without compromising the beam quality. The microstructured optical fibre (MOF) class allows this restriction to be overcome [2] . Recently, a single-mode silver halide MOF with low loss at 10µm has been demonstrated [3] .
In the spectral region 2-5µm, fluoride glasses are the most promising materials due to low intrinsic loss and low nonlinear index. The latter minimizes detrimental nonlinear effects for high power transmission. Very recently, a large mode area MOF made from fluorozircoaluminate glass has been demonstrated, using the drilling technique for structured preform fabrication [4] . Although the glass exhibits low loss in the range 2-4µm [5] , >4µm the intrinsic loss of the glass increases due to the phonon energy of 625cm -1 of the main glass component AlF 3 [6] . In contrast, fluorozirconate glasses exhibit low intrinsic loss ≤5µm due to the lower phonon energy of 525cm -1 of the main glass component ZrF 4 [6] . Within this glass type, the ZBLAN glass has been most widely investigated and used for step-index fibres [6] .
Here, we report on the design, fabrication and properties of a large mode area MOF made from ZBLAN fluoride glass for the first time. The structured preforms were made using the extrusion technique, which has been successfully used to produce low-loss oxide glass MOFs with a broad variety of structures [7] . We adapted the extrusion technique for the fabrication of complex fluoride glass preforms for the first time.
Modelling
To explore the potential of extruding structured fluoride preforms, we commenced with a relatively simple fibre structure with a single ring holes [8] . For structures with 5-8 holes, we numerically modelled the mode area and the confinement loss of the fundamental mode (FM) and the first higher order mode (FHM) at 4.0 µm using the commercial FEMLAB software package from Comsol. The hole pitch, Λ, from the centre of the modelled structures was 50-70 µm, and the hole diameter, d, relative to Λ was d/Λ=0.50-0.85 (Fig. 1 ). For structures with 6-8 holes, d/Λ regions exist where the confinement loss of the FM smaller than 1dB/m and the loss of the FHM is more than ten times larger than that of the FM and at least 1dB/m (see the 7-hole case in Fig. 1 ), providing effective single mode guiding. The mode area in this region increases with the number of holes up to ~4000 µm 2 . For 8-hole structures in the desired d/Λ region, some features in the corresponding extrusion dies are too small (<0.5mm) to be machined readily. Thus for the fibre fabrication, we selected a structure with 7 holes, d/Λ=0.65, Λ≥70µm (core diameter ≥95µm), confinement loss of 1dB/m for the FM and 24dB/m for the FHM, and mode area of 4000µm 2 ( Fig. 1) . 
Glass, preform and fibre fabrication
The first step of the fibre fabrication was the preparation of bulk glass billets. The fluorides ZrF 4 , BaF 2 , LaF 3 , AlF 3 and NaF were used as raw materials, which were acquired in 99.99% metal purity (4n) and fibre grade (fg). The raw material batches were melted in platinum crucibles. The glass melts were cast into preheated brass moulds and slowly cooled down to room temperature in controlled dry atmosphere. We started with a small batch size of 30g and gradually increased the batch size to 200g, which is more than two times larger than batch sizes reported to date [9] . Via careful optimization of melting and casting time, and mould temperature, we prevented crystal formation even for the largest glass billets made. The glass billets were used for preform extrusion. For oxide glasses, complex stainless steel extrusion dies have been successfully used to extrude preforms with a variety of structures without glass crystallization [7] . However, preliminary extrusion trials using fluorozircoaluminate glass from HOYA Co. showed that the glass temperature required for extrusion through complex stainless steel dies is above the onset of the glass surface crystallization. Graphite is an alternative die material that is not wetted by glass in contrast to steel [10] , which reduces the extrusion temperature required. The use of graphite dies thus allowed us to extrude complex fluoride preforms below the glass crystallization onset. Using the ZBLAN glass billets made, we extruded both crystal-free rods for bare (unstructured) fibre drawing and structured preforms with 7 holes. The die exit (i.e. target) structure is well preserved in the preform (Fig. 2) .
A structured preform was drawn into a ~20m long MOF with ~100µm core diameter (Fig. 2) . To prevent hole closure, we sealed the holes at the top of the preform, which led to hole inflation within the fibre. Fibre loss and mode profile For two bare fibres and the MOF, the fibre loss was measured via the cut-back method from 500-1750 nm using a white light source, and at 4.0 µm and 4.7 µm using a tunable laser (Fig. 3) . The bare fibre/4n, which was made using '4n' BaF 2 , LaF 3 , AlF 3 , NaF and 'fg' ZrF 4 raw materials, exhibits low loss (0.36dB/m at 1.55µm and 1.1dB/m at 4.0µm), which is comparable with commercially available multi-mode ZBLAN fibres [11] and 1-2dB/m larger than the loss of the multiphonon edge, which is the ultimate limit for IR transmission [2] . The bare fibre/fg has higher loss (0.8dB/m at 1.55µm and 2.1dB/m at 4.0µm) due to use of different raw materials (namely 'fg' ZrF 4 . BaF 2 , AlF 3 , LaF 3 and '4n' NaF). The loss of the MOF (3.2dB/m at 4.0µm) is only slightly higher than the loss of the bare fibre/fg, which was made using the same raw materials. This demonstrates that the microstructure did not result in excess loss as for extruded oxide glass MOFs [12] .
The mode profile of the MOF at 1.55 µm is shown in Fig. 3 . The beam quality at 4µm was measured to be M 2 =6.0 and 6.6 in the two perpendicular directions. The relatively high M 2 values are attributed to hole inflation relative to the target structure. Using a cross-sectional fibre image, the mode area at 4µm was calculated to be ~6600µm 2 , which is even larger than the target. 
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Conclusions
For the first time, we demonstrate fluorozirconate ZBLAN glass billets in large quantity up to 200g batch size, extruded complex fluoride glass preforms and a large mode area ZBLAN MOF. The unstructured extruded ZBLAN fibre with the lowest loss exhibits 1.1dB/m at 4µm, which demonstrates the high quality of the large glass billets and extruded rods produced. The MOF and corresponding bare fibre have similar loss of 3.2dB/m and 2.1dB/m at 4µm, respectively. This indicates that the upsizing of the glass billets and the introduction of the microstructure did not result in significant excess loss. These results demonstrate the viability of extrusion for the fabrication of low-loss fluoride MOFs. Further improvement in the raw material purity and fibre fabrication conditions will ultimately result in large mode area single-mode fibres with losses close to the intrinsic glass loss.
